INTRODUCTION
While influenza A and B viruses are known to contain two surface glycoproteins, haemagglutinin (HA) and neuraminidase (NA), only one glycoprotein, designated gp, has been reported for influenza C virus (reviewed by Air & Compans, 1983) . The HA of influenza A and B viruses mediates attachment of virions to sialic acid-containing cell surface receptors as well as fusion of viral and cellular membranes at low pH. The second glycoprotein, NA, has neuraminidase activity. This enzyme is able to inactivate cellular receptors for influenza A and B viruses, but its role in the infectious cycle is still a matter of controversy. A receptor-destroying enzyme is also associated with influenza C virus (Hirst, 1950) . However, rather than being an NA the enzyme of influenza C virus has been characterized as a specific acetylesterase releasing O-acetyl residues from position C-9 of sialic acid (Herrler et at., 1985c) . In addition to the receptor-destroying activity, influenza C virus has the ability to agglutinate erythrocytes by attaching to N-acetyl-9-O-acetylneuraminic acid-containing receptors (Rogers et al., 1986) and to cause membrane fusion at low pH (Ohuchi et al., 1982; Kitame et al., 1982) . Only the fusion activity of influenza C virus has been shown to be mediated by gp. There was no direct experimental evidence that the haemagglutination (HA) and the acetylesterase activity are also functions of gp.
The present report describes the isolation of the surface glycoprotein of influenza C virus. Analysis of purifie d gp for the activities mentioned above, as well as the reaction of inhibitory monoclonal antibodies directed against gp, indicate that the surface glycoprotein of influenza C virus, in addition to being the fusion factor, is also the acetylesterase and the HA.
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Cells. LLC-MK 2 cells were purchased from Flow Laboratories and grown in Dulbecco's medium containing 10H foetal calf serum. MDCK I cells (a subline permissive for the growth of influenza C/Johannesburg/I/66) were kindly provided by Dr K. Simons and grown in minimum essential medium containing 10~ foetal calf serum.
Virus. Strain Johannesburg/I/66 of influenza C virus was used throughout this study. Virus was grown in embD, onated chicken eggs as described previously (Herder & Klenk, 1987) . In order to obtain virions with uncleaved glycoprotein, LLC-MK2 cells were infected with influenza C virus at a multiplicity of 3 p.f.u./cell. After incubation of the infected cells for 3 days at 33 °C, virus released into the medium was harvested and purified as described previously (Herder et al., 1985b) .
Purification ofgp. Purified influenza C virions suspended in 0.5 ml of phosphate-buffered saline (PBS) were incubated in the presence of2H n-octylglucopyranoside for l0 min at room temperature. After centrifugation for 5 rain at 13000 g, the supernatant was layered onto a sucrose gradient (20 to 50 H w/w in PBS). Following centrifugation for 16 h at 45000 r.p.m, in an SW55.1 rotor, fractions of 0.5 ml were collected from the bottom of the tube, dialysed against PBS and analysed (i) by SDS-PAGE, (ii) for HA and HA inhibition (HI) activity and (iii) for acetylesterase and receptor-destroying activity.
HA and HI assays. These were performed in microtitre plates as described previously (Herder et al., 1985 a, b) . HA blocking (HA inhibition by substances other than antibodies) was performed using a method analogous to that of the HI assays.
Receptor-destroying activity. Serial twofold dilutions of the samples to be analysed were prepared in PBS. To 0.1 ml of each dilution 0-2 ml ofa 1 ~ suspension of chicken erythrocytes in PBS was added. After incubation for 4 h at 37 °C, cells were washed twice with PBS and suspended in 0-2 ml of the same buffer. Allantoic fluid containing influenza C virus was diluted with PBS to obtain an HA titre of about 30 HA units/ml. An equal volume of the virus suspension was added to 50 ~tl of each sample of red blood cells in a microtitre plate. Failure of influenza C virus to agglutinate the erythrocytes is indicative of receptor-destroying activity present in the respective sample. The reciprocal value of the highest dilution that was able to inactivate influenza C receptors on chicken erythrocytes was taken as the titre of the receptor-destroying activity (receptor-destroying units/ml).
Acetylesterase activity. Neuraminate 9-O-acetylesterase acvtivity was determined by monitoring the release of acetic acid from bovine submandibulary mucin using a commercial test kit (Boehringer) as described previously (Herder et al., 1985c) .
Inhibition of the acetylesterase activity. Purified influenza C virus glycoprotein (acetylesterase activity 10 mU) was incubated with monoclonal antibodies for 30 min at room temperature. Following the addition of 5 mg of bovine submandibulary mucin, the incubation temperature was raised to 37 °C and 30 min later the amount of acetate released was determined as described above. The values were compared with the control sample incubated in the absence of antibodies.
Trypsin treatment of influenza C virions. Purified influenza virus grown in LLC-MK2 cells was suspended in 0.5 ml ofPBS (OD:s0 0.2). Virus was incubated at 37 °C in the presence or absence of 5 ~tg of TPCK-trypsin/mk After 30 rain the sample was diluted with cold PBS to 5 ml and centrifuged for 30 min at 100000 g in an SW55.1 rotor. Virus was resuspended in PBS and aliquots were analysed by SDS-PAGE and for acetylesterase activity.
SDS-PAGE. Proteins were analysed by SDS-PAGE using the discontinuous buffer system described by Laemmli (1970) .
Preparation of monoclonal antibodies. Hybridomas secreting monoclonal antibodies against the influenza C surface glycoprotein were prepared according to a modification (Fazekas de St. Groth & Scheidegger, 1980) of the method described by K6hler & Milstein (1975) . BALB/c mice were immunized by a subcutaneous injection of about 5 ~tg of purified influenza C virus in complete Freund's adjuvant and boosted 4 weeks later with the immunogen suspended in incomplete adjuvant followed by a final, intraperitoneal injection of intact virions in PBS. Spleen ceils of immunized mice were fused 3 days after the last injection with myeloma cells (P3-X63-Ag8-653) using polyethylene glycol 4000. Hybridomas secreting antibodies specific for influenza C virus were detected by ELISA and cloned twice by limiting dilution. Monoclonal antibodies were purified from the culture medium by affinity chromatography as described by Haas et al. (1986) .
ELISA. Purified influenza C virions diluted with coating buffer (0-05 M-NaHCO3/NaCO3 pH 9.6) were applied to a microtitre plate at a concentration of about 10 ~g of protein per well. After incubation overnight at 4 °C, nonspecific binding sites were blocked by incubation for 2 h at room temperature in the presence of 4 ~ bovine serum albumin in PBS containing 0.05~ Tween (PBS-Tween 20). Culture medium of the different hybridoma preparations (100 p.l/well) was added and incubated for 2 h at room temperature in order to allow the monoclonal antibodies to react with the virus. After washing the plate three times with PBS-Tween 20, 100 ~1 of alkaline phosphatase-conjugated rabbit anti-mouse immunoglobulins was added and incubated for 2 h at room temperature. Following three washes with PBS-Tween 20, 100 gl substrate solution containing 100 ~tg of p-nitrophenyl disodium phosphate in diethanolamine buffer (10~ diethanolamine, 1 mM-MgCI2, pH 9.6) was applied to each well. After incubation for 30 rain at room temperature in the dark, the reaction was stopped with 3 M-NaOH and the absorbance at 405 nm was determined with a spectrophotometer. 
Immunoprecipitation. Monolayers of MDCK I cells infected with virus in 35 mm plastic Petri dishes were
labelled 20 h post-infection with 50 taCi [35S]methionine for 4 h and lysed with a buffer containing 1 ~ Triton X-100, 1 ~ sodium deoxycholate, 0.15 M-NaC1, 10 mM-EDTA, aprotinin (1000 kallikrein-inhibiting units/ml), 1 mM-PMSF, 20 mM-Tris-HC1 pH 7.4. Aliquots of the lysate were incubated with monoclonal antibodies for 2 h at room temperature. After addition of rabbit anti-mouse immunoglobulins and further incubation for 2 h at room temperature, the immune complexes were precipitated with Protein A bound to Sepharose CL-4B. The beads were washed five times with lysis buffer and, after addition of electrophoresis sample buffer, boiled for 2 min. The supernatant was analysed by SDS-PAGE.
Inhibition of the haemolytic activity. Allantoic fluid (100 ~l) containing influenza C virus was incubated with monoclonal antibodies for l h at room temperature followed by the addition of rat erythrocytes (1 ml of a 2~ suspension in PBS). After incubation for 15 rain at 4 °C, the cells were centrifuged and the sediment was resuspended in 1 ml 0-05 M-NaC1, 0.1 M-sodium acetate, pH 5-2. Following incubation for 30 min at 37 °C the red blood cells were sedimented and the absorbance of the supernatant was determined at 530 nm. The values obtained were compared with that of the control sample incubated in the absence of antibodies.
RESULTS

Haemagglutination inhibition and receptor-destroying activity of purified gp
It has been shown previously that treatment of influenza C virions with octylglucoside followed by ultracentrifugation results in the separation of the surface glycoprotein (gp) from the internal viral proteins (Herder et al., 1981) . While the nucleoprotein (NP) and the membrane protein (M) can be recovered from the pellet, gp is found in the supernatant together with the envelope lipids. For further purification of gp the supernatant was subjected to centrifugation through a 20 to 5 0~ sucrose gradient. The gradient fractions were analysed by S D S -P A G E . As shown in Fig. 1 , a visible band ofgp was detected in fractions 6 to 8 and a minor band of NP in fractions 9 and 10. The major portion of the NP was removed together with the M protein by the centrifugation step prior to the gradient centrifugation (not shown). All gradient fractions were found to be devoid of HA activity. However, as indicated in Fig. 1 , the fractions containing gp were able to block the HA activity of intact influenza C virions. Minor activities found in fractions 3 to 5 may be due either to a tailing effect or to degradation products, which might be visible on the gel upon increasing the sample size. The glycoprotein preparation appeared to be somewhat heterogeneous, with the tail fractions of the protein peak being more active than the leading fractions (compare lanes 6 and 8). The HI activity of the influenza C glycoprotein, which was consistently observed with all preparations of gp, suggested that this protein is involved in the attachment of influenza C virus to cells. Possible reasons for the failure of gp in its isolated form to agglutinate red blood cells are discussed below.
In addition to the HI activity, gradient fractions containing gp had receptor-destroying activity. Treatment with purified glycoprotein rendered chicken erythrocytes resistant to agglutination by influenza C virus (Fig. 1) . As the receptor-destroying enzyme of this virus has been shown to be a neuraminate 9-O-acetylesterase releasing O-acetyl residues from position C-9 of sialic acid (Herder et al., 1985c) , we analysed the gradient fractions containing gp for acetylesterase activity. As shown in Fig. 2 , the purified gp was able to release acetate from bovine submandibulary mucin. Thus, the acetylesterase activity of influenza C virus is a function of the surface glycoprotein gp.
Inhibition of the biological activities of influenza C virus by monoclonal antibodies
In order to obtain more evidence about the activities of the influenza C virus surface glycoprotein, monoclonal antibodies directed against gp were prepared. As shown by radioimmunoprecipitation (Fig. 3 ) the antibodies specifically recognized gp. These antibodies were analysed for their ability to inhibit any of the three activities of influenza C virus, acetylesterase, HA or fusion. As shown in Table 1 , seven of eight monoclonal antibodies inhibited the HA activity. The acetylesterase activity was inhibited only by four antibodies. Monoclonal antibody MAb30, which is very effective in precipitating gp, was found to be devoid of significant HI or esterase inhibition activity. The effect of the antibodies on the fusion activity was analysed by determining their ability to inhibit the haemolysis of rat erythrocytes caused by influenza C virus at low pH. As shown in Table 1 , the haemolytic activity was inhibited by the monoclonal antibodies to varying degrees. However, the antibodies also prevent influenza C virions from binding to erythrocytes, which is a prerequisite for the fusion activity. Therefore, the inhibition of the haemolysis is, at least in part, an indirect effect of the HI activity of the antibodies. Virus purified from LLC-MK 2 cells was incubated in the presence or absence of trypsin. Aliquots were analysed for acetylesterase activity and subjected to SDS-PAGE under non-reducing conditions. The gel was stained with Coomassie Brilliant Blue. Only the relevant portion of the gel is shown. Fig. 5 . Schematic representation of the glycoproteins of (a) paramyxoviruses, (b) influenza A and B viruses and (c) influenza C virus illustrating differences in the distribution of the biological activities (fusion, haemagglutination and receptor inactivation). As purified gp was found to be unable to agglutinate chicken red blood cells, the HI activity of the monoclonal antibodies could be determined only with intact influenza C virions. In contrast, the inhibition of the acetylesterase activity could also be analysed using purified gp as the source of the enzyme. The release of acetate from bovine submandibulary mucin by gp was reduced to 5 0~ in the presence of MAb23 compared to an inhibition by 8 0~ in the presence of a rabbit antiserum raised against egg-grown influenza C virions. This result provides further evidence for the acetylesterase activity of the influenza C virus surface glycoprotein gp.
Effect of proteolytic cleavage of gp on the acetylesterase activity
The conversion of gpI into gpII by proteolytic cleavage is essential for the infectivity and fusion activity (Herrler et al., 1979; Sugawara et al., 1981; Ohuchi et al., 1982; Kitame et al., 1982) , but not for the H A activity of influenza C virus (Herder et al., 1979; Sugawara et al., 1981) . We analysed whether the conversion of gpI into gpII had any effect on the acetylesterase activity. Influenza C virus was grown in LLC-MK2 cells. As shown in Fig. 4 (lane 1) , virus released by these cells contained only gpI, the uncleaved form of the glycoprotein. Incubation with trypsin converted gpI into gpII (Fig. 4, lane 2) , but no difference in the acetylesterase activity was observed.
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DISCUSSION
The purified glycoprotein of influenza C virus was unable to agglutinate chicken red blood cells but blocked HA by virus indicating that gp is able to interact with the influenza C receptors on chicken red blood cells. The results obtained with the monoclonal antibodies directed against gp also suggest that it is responsible for the HA activity of influenza C virus. Purified, detergentfree influenza A virus HA forms rosette-like structures, which are able to agglutinate red blood cells. On the other hand, protease-released HA, which is unable to form rosettes, is devoid of HA activity. In our preparation of gp rosette-like structures were rarely observed (not shown), which may explain the inability of purified gp to agglutinate red blood cells. Reconstitution of gp into lipid vesicles using either viral or artificial lipids failed to restore the HA activity. We assume, therefore, that during isolation of gp from the viral membrane a change in protein conformation occurs which affects the interaction between gp and erythrocyte receptors. While weak binding, which results in low HA-blocking activity, is still possible, the interaction is not sufficient to cause HA. The change in conformation may also be the reason for the heterogeneity of gp noted in Fig. 1 , with the tail fractions being more active than the rest of the glycoprotein peak.
We have reported previously that the supernatant of octylglucoside-treated influenza C virions is able to agglutinate chicken red blood cells . With our more recent virus preparations, this HA activity was only observed occasionally, and upon sucrose gradient centrifugation it remained on top of the gradient. Our available evidence indicates that this activity is due to host cell-derived lipids and is different from the HA activity of influenza C virus (unpublished observations).
Analysis of the purified glycoprotein and inhibition studies with monoclonal antibodies clearly established that the acetylesterase activity of influenza C virus, i.e. the receptordestroying activity, is a function of the surface glycoprotein. Although some monoclonal antibodies inhibited both the HA and acetylesterase activities of influenza C virus, others inhibited only the HA but not the esterase activity. This finding is compatible with the view that the functional sites for these two activities are located on different epitopes of the molecule as suggested by studies with the serine esterase inhibitor diisopropyl fluorophosphate (Muchmore & Varki, 1987) . By screening a larger panel of antibodies it may be possible to obtain antibodies that inhibit the esterase activity without affecting HA.
The acetylesterase activity of influenza C virus was unaffected by the conversion of the uncleaved form of the glycoprotein (gpI) to the cleaved form (gpII). Proteolytic cleavage of the glycoprotein is required for the fusion activity and infectivity of influenza C virus (Herrler et al., 1979; Sugawara et al., 1981 ; Ohuchi et al., 1982; Kitame et al., 1982) . The correlation between the fusion activity and the proteolytic cleavage of the glycoprotein indicated that gp is responsible for the ability of influenza C virus to cause fusion at low pH. Further evidence was provided by protein and DNA sequence data Meier-Ewert et al., 1981 ; Nakada et al., 1984; Pfeifer & Compans, 1984) , which revealed the presence of a hydrophobic amino acid sequence at the N terminus of gp30 analogous to hydrophobic sequences found in glycoproteins of other viruses with fusion activity. The purified influenza C glycoprotein did not cause haemolysis of erythrocytes at low pH. As discussed above, the ability of gp to attach to receptors on erythrocytes is affected during the isolation procedure. The conformational change which is thought to be the reason for the weak binding efficiency of purified gp may also be responsible for the lack of haemolytic activity.
Taken together, the available evidence indicates that the influenza C glycoprotein has three activities: haemagglutination, acetylesterase and fusion. As shown in Fig. 5 , this property renders influenza C virus unique among influenza viruses and paramyxoviruses: first, influenza C virus has an acetylesterase instead of a neuraminidase as a receptor-destroying enzyme; second, the other viruses contain two glycoproteins for the three activities, whereas in the case of influenza C virus one glycoprotein is responsible for HA, receptor inactivation and fusion.
The designation gp for the influenza C glycoprotein has been chosen because of the lack of information about its function. With the information now available about the activities mentioned above, it appears reasonable to introduce a designation for the influenza C glycoprotein which is related to its functions. Therefore we propose the designation HEF in order to convey that this glycoprotein has three activities: haemagglutination (H), esterase (E) and fusion (F). To distinguish the different forms of the glycoprotein detected after SDS-PAGE under reducing and non-reducing conditions we propose the following terms ( Fig. 6 ): HEF0 for the uncleaved glycoprotein (previous designation gpI after electrophoresis under non-reducing conditions and gp88 after electrophoresis under reducing conditions), HEF1 for the larger proteolytic cleavage product (previous designation gp65), HEF2 for the smaller cleavage product (previous designation gp30) and HEF1,2 for the two cleavage products HEF1 and HEF2 connected by disulphide bonds (previous designation gplI after electrophoresis under nonreducing conditions).
